Key points {#FPar1}
==========

Vilaprisan, a new, promising, selective progesterone receptor modulator, exhibits an attractive pharmacokinetic profile with good absolute oral bioavailability, suitable for low-dose once-daily administration.Vilaprisan is predominantly eliminated via hepatic biotransformation.The pivotal role of cytochrome P450 3A4 in the elimination of vilaprisan was confirmed in a drug--drug interaction study with the strong cytochrome P450 3A4 inhibitor itraconazole.

Introduction {#Sec1}
============

Vilaprisan (VPR) is a potent and highly selective progesterone receptor modulator (SPRM) \[[@CR1]--[@CR3]\]. In a recently completed phase II study, treatment with VPR provided effective bleeding control for women with symptomatic uterine fibroids and was effective in reducing fibroid volume after only 3 months of treatment \[[@CR4]\]. Based on these promising results, VPR is currently being developed in phase III for the long-term treatment of uterine fibroids.

A recently published pharmacokinetic (PK) study in humans has shown that the pharmacokinetics of VPR is linear in the expected therapeutic dose range \[[@CR5]\]. This publication is supplemented by the current paper, which describes a mass balance (MB) study that was conducted to fully understand the elimination and biotransformation pathways of VPR. The results of this study suggest an important role of cytochrome P450 (CYP)3A4 in the metabolic clearance of VPR. This finding is supported by in-vitro investigations on CYP enzyme reaction phenotyping (data on file, Bayer AG) and has triggered the conduct of a drug--drug interaction (DDI) study to investigate the impact of the strong CYP3A4 inhibitor itraconazole (ITZ) on the pharmacokinetics of VPR. Itraconazole is listed in the European Medicines Agency and US Food and Drug Administration guidelines on DDI studies as a strong CYP3A4 inhibitor that may be used to investigate a drug's PK interaction potential \[[@CR6], [@CR7]\].

In this study, multiple doses of ITZ were given to ensure continuous exposure to the inhibitor during the relatively long-lasting elimination of VPR from plasma. By giving an intravenous (IV) microdose of \[^14^C\]-labeled VPR on top of the oral dose \[microtracer (MT)\], the absolute bioavailability, clearance, and volume of distribution of VPR could be determined at clinically relevant exposure levels in a time and cost-saving way.[1](#Fn1){ref-type="fn"}

Materials and Methods {#Sec2}
=====================

Materials {#Sec3}
---------

Vilaprisan preparations for the two studies described in this paper were manufactured by Bayer AG (Berlin, Germany). Unlabeled and \[^14^C\]-labeled VPR for the MB study was provided as a powder for reconstitution in a macrogol-based solution. Vilaprisan for oral administration in the DDI/MT study was provided in the form of 4 mg of immediate-release tablets and \[^14^C\]VPR for IV microdosing was provided as a hydroxypropyl-beta-cyclodextrin-based solution for IV administration. Itraconazole (Sporanox^®^ 10 mg/mL solution for oral administration; Janssen-Cilag Limited, High Wycombe, Buckinghamshire, UK) was purchased from a public pharmacy in the UK.

Study Population {#Sec4}
----------------

Healthy postmenopausal women between 45 and 70 years of age (inclusive) and with a body mass index of ≥ 18 and ≤ 32 kg/m^2^ were eligible for the two studies. Follicle-stimulating hormone levels in serum were determined at screening to confirm the subject's postmenopausal status. Specific exclusion criteria were specified to exclude subjects with conditions that might have had an impact on the aims of the study. Screenings for eligibility also included a gynecological examination. We intended six subjects to be included in the MB study and 14 subjects in the DDI/MT study (seven of these with administration of a microtracer).

Study Design and Conduct of the Study {#Sec5}
-------------------------------------

The MB study was a single-center, open-label, non-randomized, non-controlled phase I study. Subjects received a single nominal dose of 5 mg of VPR containing approximately 2.3 MBq of \[^14^C\]-labeled VPR in 10 mL of PEG solution for oral administration, resulting in a committed effective radiation dose of \~ 0.613 mSv. The actual doses varied between 4.82 and 4.99 mg VPR (2.23--2.31 MBq).

The study drug was taken with water in the fasted state. After drug intake, subjects stayed at the clinical unit for 17 days and returned as outpatients until the following individual exit criteria were met: (1) total excretion of radioactivity in excreta \> 90% of the administered dose or (2) excretion of radioactivity within two consecutive 24-h collection intervals \< 1% of dose. Once an exit criterion was met, no further samples were collected.

The DDI/MT study was a single-center, open-label, fixed-sequence study with four periods: screening, treatment periods 1 and 2, and follow-up. In treatment period 1, subjects received a single oral dose of VPR 4 mg as a tablet and half the study population additionally received a single IV dose of \[^14^C\]VPR 15.7 µg (37 KBq) 1.5--2 h (30 min infusion, 1 mL/min) after administration of the oral dose, i.e., around the time of the expected maximum plasma concentration (*C*~max~) of the oral dose. After a washout period of ≥ 4 weeks, subjects received ITZ 200 mg as an oral solution once daily for 14 days in period 2. On the fourth day of ITZ administration, they received a single oral dose of VPR 4 mg, 1 h after intake of ITZ. Both VPR and ITZ were taken with water in the fasted state.

Sample Collection {#Sec6}
-----------------

In the MB study, blood samples for measurements of drug concentrations and \[^14^C\]-radioactivity and for metabolite profiling were taken before dosing and up to 21 days post-dose as specified in Table [1](#Tab1){ref-type="table"}. Urine and feces samples for metabolite profiling and radio-analysis were collected pre-dose and in 12- or 24-h fractions post-dose. In the DDI/MT study, blood samples for measurements of drug concentrations were taken before and up to 11 or 13 days after oral administration of VPR (Table [1](#Tab1){ref-type="table"}).Table 1Sampling schedules for determination of vilaprisan (VPR) pharmacokinetics in plasmaStudyAnalyte (method)Sampling scheduleMB studyVPR, \[^14^C\]-radioactivity (LC--MS/MS; LSC)Pre-dose and 30 and 60 min, and 2, 3, 4, 6, 8, 12, 16, 24, 36, and 48 h, and 3, ... 14 days post-doseMT sub-study\[^14^C\]VPR (AMS)Pre-dose and 3, 10, 20, 30, 40, 60, 75, and 90 min, and 2, 3, 4, 5, 6.5, 10.5, 14.5, and 22.5 h, and 2, 3, 4, 5, 7, and 9 days after start of infusion (only period 1)DDI studyVPR (LC--MS/MS)Pre-dose and 30, 60, and 90 min, and 2, 2.5, 3, 4, 6, 8, 12, 16, and 24 h, and 2, 3, ... 11, and 13^a^ days post-dose (periods 1 and 2)DDI studyITZ (LC--MS/MS)Before 1st, 2nd, 3rd, 4th, 6th, 8th, and 12th ITZ dose and 0 and 60 min, and 2 and 4 h, and 11 days after administration of VPR (only period 2)*AMS* accelerator mass spectroscopy, *DDI* drug--drug interaction, *ITZ* itraconazole, *LC--MS/MS* liquid chromatography-tandem mass spectrometry, *LSC* liquid scintillation counting, *MB* mass balance, *MT* microtracer^a^Only in period 1

Assessments of Safety and Tolerability {#Sec7}
--------------------------------------

Safety monitoring included the assessment of adverse events, standard clinical laboratory tests, and measurements of vital signs, electrocardiograms, and physical examinations.

Bioanalytics {#Sec8}
------------

Liquid chromatography-tandem mass spectrometry (LC--MS/MS) detection methods, which were validated according to the relevant European Medicines Agency and US Food and Drug Administration guidelines \[[@CR8], [@CR9]\], were used to determine unchanged VPR and ITZ in individual plasma samples. Furthermore, the primary VPR metabolite BAY 1139463 (M-4), which was identified as one of the minor metabolites in prior studies, was determined by LC--MS/MS in pooled plasma samples (DDI study). Total radioactivity in the samples collected in the MB study was determined by liquid scintillation counting. Plasma concentrations of \[^14^C\]VPR in the MT sub-study were determined using liquid chromatography fractionation with off-line accelerator MS quantification. For details, see the Electronic Supplementary Material (ESM). An overview of the performance of the bioanalytical methods is given in Table [2](#Tab2){ref-type="table"}.Table 2Bioanalytical method performance for vilaprisan (VPR)LLOQCalibrators \> LLOQCalibrators at LLOQQC samplesAccuracy (%)Precision (%)Accuracy (%)Precision (%)Accuracy (%)Precision (%)VPR^a^0.100 µg/L96.2--107≤ 10.310010.1102--1123.26--6.37VPR^b^0.100 µg/L98.8--101≤ 4.41003.996.9--98.33.3--4.8M-4^c^1.00 µg/L96.8--104≤ 10.91017.898.1--1096.7--11.7.\[^14^C\]VPR^d^0.502 ng/LN/AN/AN/AN/AN/AN/AITZ^e^1.00 µg/L98.4--103≤ 4.2498.83.9497.7--1013.38--4.88*DDI* drug--drug interaction, *ITZ* itraconazole, *LC--MS/MS* liquid chromatography-tandem mass spectrometry, *LLOQ* lower limit of quantitation, *MB* mass balance, *M-4* BAY 1139463 (metabolite of vilaprisan), *N/A* not applicable, *QC* quality control, *UHPLC* ultra high-performance liquid chromatography^a^MB study: LC--MS/MS; calibrators: 0.100--50.0 µg/L; QC samples: 0.250--40.0 µg/L^b^DDI study: LC--MS/MS; calibrators: 0.100--50.0 µg/L; QC samples: 0.300--40.0 µg/L^c^DDI study: LC--MS/MS; calibrators: 1.00--50.0 µg/L; QC samples: 1.00--40.0 μg/L^d^DDI study: UHPLC + AMS; calibrators: 0.502--44.9 pg/mL^e^DDI study: LC--MS/MS; calibrators: 1.00--1000 µg/L; QC samples: 3.00--750 µg/L

Metabolite Profiling and Identification {#Sec9}
---------------------------------------

Plasma, urine, and feces samples from each time point and subject (MB study) were purified according to an appropriate extraction procedure, enabling recovery of radioactivity in the sample extract. Aliquots of the samples were subjected to high-performance LC with off-line radioactivity detection.

The structures of the parent drug and its metabolites represented by different peaks in the radiochromatograms were elucidated by investigating representative plasma, urine, and feces samples with combined radiometric and LC--MS/MS detection. For structure elucidation of metabolites, comparison with authentic reference compounds was used, if those were available. Structure proposals for further metabolites were made based on the determination of the molecular formula by high-resolution MS as well as a mass spectrometric fragmentation pattern determined by LC--MS/MS (see the ESM).

Pharmacokinetic Analysis {#Sec10}
------------------------

Standard PK parameters for VPR, M-4, and total radioactivity in plasma or blood were calculated from individual concentration--time data by non-compartmental analysis using the software WinNonlin (Pharsight Corporation, St. Louis, Missouri, USA), Version 4.1 (MB study) or 5.3 (DDI/MT study).

Maximum plasma concentration and time to reach *C*~max~ were obtained directly from concentration data. The area under the plasma concentration--time curve from time zero to time *t* after administration (AUC~0--*t*~) was calculated by the mixed linear/logarithmic trapezoidal rule. The AUC from time zero to infinity was calculated as $\documentclass[12pt]{minimal}
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                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{AUC}}_{{0{-}t_{\text{last}} }} $$\end{document}$ + (*C*~last,calc~/*k*~e~), where *C*~last,calc~ was the calculated concentration value at *t*~last~ by regression of the terminal phase, and *k*~e~ was the terminal rate constant estimated by log-linear regression analysis. The extrapolated fraction of an individual AUC value had to be below 20% to be evaluable. The terminal plasma half-life (*t*~1/2~) was calculated as *t*~1/2~ = ln2/*k*~e~.

The absolute bioavailability F was calculated as follows: $\documentclass[12pt]{minimal}
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                \begin{document}$$ \frac{{{\text{AUC}}_{\text{PO}} }}{{{\text{AUC}}_{\text{IV}} }} \times \frac{{{\text{Dose}}_{\text{IV}} }}{{{\text{Dose}}_{\text{PO}} }} $$\end{document}$. In addition, the whole blood-to-plasma ratio of \[^14^C\]-radioactivity was calculated for each sampling time point in the MB study. For ITZ, exposure was confirmed by analysis of trough concentrations. The amount of radioactivity recovered in the excreta was related (in percent) to the administered radioactive dose and tabulated by sampling interval. The PK parameters for VPR and its metabolites from the metabolite profiles were calculated from individual plasma concentrations by non-compartmental analysis using the software ToxKin (Entimo, Berlin, Germany).

Statistical Analysis {#Sec11}
--------------------

All data were evaluated by descriptive statistics. For the evaluation of the DDI potential, the primary PK parameters AUC~0--11d~ and C~max~ of VPR, which were assumed to be log-normally distributed, were analyzed by analysis of variance including treatment and subject effects. Based on these analyses, point estimates, 90% confidence intervals, and 95% prediction intervals for the ratio 'VPR + ITZ/VPR' were calculated by re-transformation of the logarithmic data using the intra-individual standard deviation of the analysis of variance. For the evaluation of the absolute bioavailability of VPR, point estimates and 90% confidence intervals were calculated for *F*, which was assumed to be log-normally distributed.

Results {#Sec12}
=======

Study Subjects {#Sec13}
--------------

The demographic and baseline characteristics of the six subjects from the MB study, the 14 subjects from the DDI/MT study, and the subset of seven subjects from the DDI/MT study who received the microtracer are summarized in Table [3](#Tab3){ref-type="table"}. All subjects completed the study as planned. No major protocol deviations were identified. Postmenopausal status was confirmed in all subjects by follicle-stimulating hormone measurements.Table 3Demographic and baseline characteristicsMB study *N* = 6DDI/MT study *N* = 14MT sub-study *N* = 7Sex: female*N*6147Race Asian*N*010 White*N*6137Age (years)Mean (range)57.7 (49--63)58.9 (49--69)61.0 (55--69)Weight (kg)Mean ± SD62.1 ± 7.3367.3 ± 8.0268.4 ± 8.50BMI (kg/m^2^)Mean ± SD23.1 ± 2.3726.0 ± 2.6626.4 ± 3.11FSH \> 40 IU/L*N*6147*BMI* body mass index, DDI drug--drug interaction, *FSH* follicle-stimulating hormone, *MB* mass balance, *MT* microtracer, *SD* standard deviation

Plasma Pharmacokinetics of Vilaprisan and \[^14^C\]-Radioactivity After Oral Administration (Mass Balance Study) {#Sec14}
----------------------------------------------------------------------------------------------------------------

The mean concentrations of VPR and \[^14^C\]-radioactivity in plasma are shown in Fig. [1](#Fig1){ref-type="fig"}. The overall content of radioactivity in plasma was very low and VPR did not show any noteworthy tendency to bind tightly to plasma proteins as determined by standard in-vitro methods (data on file, Bayer AG). The geometric mean blood/plasma ratio of \[^14^C\]-radioactivity varied between 0.71 and 0.76 during the first 24 h post-dose, indicating that the radioactivity was mainly distributed in plasma at that time. Thereafter, the ratio increased to 0.79 at 48 h post-dose, the last evaluable time point.Fig. 1Geometric mean vilaprisan (VPR) and \[^14^C\]-radioactivity concentrations in plasma following a single oral dose of 5 mg \[^14^C\]VPR (mass balance study). Geometric means ± geometric standard deviations (calculated if two thirds or more of the individual values were above the lower limit of quantitation, 0.1 µg/L), *n* = 6. Plasma samples beyond 168 h were not further investigated as the overall content of total radioactivity was too low

The geometric mean PK parameters of VPR in plasma are summarized in Table [4](#Tab4){ref-type="table"}. The data show that VPR was rapidly absorbed. Maximum VPR concentrations were reached between 1 and 2 h post-dose and amounted to approximately 25 µg/L, on average. Post-maximum VPR concentrations declined with a biphasic profile and a geometric mean terminal half-life of approximately 32 h.Table 4Pharmacokinetic parameters of vilaprisan (VPR) parent after single oral or intravenous administration of VPR without or with concomitant administration of itraconazole (ITZ) 200 mg/dayStudyMB study\
VPR^a^\
OralDDI study\
VPR^b^\
OralDDI study\
VPR + ITZ^c^\
OralMT sub-study\
VPR^d^\
IntravenousTreatmentRoute of administrationParameterUnit*N* = 6*N* = 14*N* = 14*N* = 7gMean (CV%)\[Range\]gMean (CV%)\[Range\]gMean (CV%)\[Range\]gMean (CV%)\[Range\]AUCµg·h/L324 (38.0)\[217--504\]325 (42.3)\[191--607\]N/C2170 (35.9)\[1410--3500\]AUC~0--24~µg·h/LN/C146 (29.5)\[95.8--217\]302 (18.9)\[238--388\]980 (26.2)\[731--1330\]AUC~0--3d~µg·h/LN/C247 (33.4)\[153--393\]740 (18.1)\[586--970\]N/CAUC~0--11d~µg·h/LN/C321 (41.3)\[190--580\]2000 (18.4)\[1520--2740\]N/C$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{AUC}}_{{0{-}t_{\text{last}} }} $$\end{document}$µg·h/L317 (38.3)\[212--495\]317 (42.6)\[184--591\]2000 (18.4)\[1520--2730\]2100 (35.4)\[1340--3300\]*C* ~max~µg/L24.9 (38.5)\[15.3--41.2\]16.6 (32.3)\[9.14--24.5\]29.5 (19.5)\[21.9--38.7\]277 (29.7)\[168--389\]*t* ~1/2~h31.6 (24.7)\[22.6--44.1\]38.9 (20.7)\[29.0--60.7\]N/C42.4 (20.7)\[28.6--56.7\]*t* ~max~h1.00^e^\[1.00--2.00\]2.50^e^\[1.42--4.00\]2.25^e^\[1.50--3.00\]0.483^e^\[0.333--0.483\]*t* ~last~h144^e^\[120--240\]204^e^\[144--312\]263^e^\[263--263\]215^e^\[167--215\]CL/*F* or CLL/h15.1 (38.0)\[9.7--22.4\]12.3 (42.3)\[6.59--21.0\]N/C7.22 (35.9)\[4.47--11.1\]*V*~z~/*F* or *V*~z~L691 (27.4)\[492--978\]N/CN/C442 (33.8)\[302--713\]*V* ~ss~L------359 (23.4)\[277--479\]MRT~IV~h------49.7 (19.1)\[38.0--68.3\]*F*%------61.1\[53.1--69.5\]*AUC*~*0--t*~ area under the concentration--time curve from time zero to time *t, CL* total body clearance of drug from plasma calculated after intravenous administration, *CL/F* total body clearance of drug from plasma calculated after oral administration (apparent oral clearance), *C*~*max*~ maximum plasma concentration, *CV%* coefficient of variation \[%\], *DDI* drug--drug interaction, *F* absolute oral bioavailability, *gMean* geometric mean, *MB* mass balance, *MRT*~*IV*~ mean residence time after intravenous administration, *MT* microtracer, *N/C* not calculated, *t*~*1/2*~ terminal half-life, *t*~*last*~ time of last concentration above lower limit of quantitation, *t*~*max*~ time to reach *C*~max~, *V*~*ss*~ volume of distribution at steady state, *V*~*z*~ volume of distribution during terminal phaseFigures were rounded to three significant digits*F* was calculated as follows: $\documentclass[12pt]{minimal}
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The geometric mean exposure (AUC) to VPR was considerably lower than the mean exposure to \[^14^C\]-radioactivity (324 µg·h/L vs. 1180 µgEq·h/L) (Tables [4](#Tab4){ref-type="table"}, [5](#Tab5){ref-type="table"}), indicating that a major fraction of the circulating radioactivity can be attributed to metabolites of VPR, approximately 73% based on the ratio of AUCs. The fact that the mean terminal half-life of \[^14^C\]-radioactivity in plasma was markedly longer than the half-life of VPR (approximately 62 vs. 32 h) indicates the presence of circulating metabolites.Table 5Pharmacokinetic parameters of \[^14^C\]-radioactivity in plasma and whole blood after single oral administration of 5 mg \[^14^C\]vilaprisan (mass balance study)ParameterUnit\[^14^C\]-radioactivity in plasma *N* = 6\[^14^C\]-radioactivity in whole blood *N* = 6gMean (CV%)\[Range\]gMean (CV%)\[Range\]AUCµgEq·h/L1180 (16.9)\[953--1490\]852 (28.0)\[647--1380\]$\documentclass[12pt]{minimal}
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Excretion of \[^14^C\]-Radioactivity (Mass Balance Study) {#Sec15}
---------------------------------------------------------

Figure [2](#Fig2){ref-type="fig"} shows the cumulative amount of \[^14^C\]-radioactivity recovered in urine and feces during the 21-day collection period. In total, 86.6 ± 2.81% (mean ± standard deviation; range 82.0--90.7%) of the administered \[^14^C\]-radioactivity dose was recovered in excreta within 21 days post-dose.Fig. 2Cumulative recovery of total \[^14^C\]-radioactivity in excreta following a single oral dose of \[^14^C\]vilaprisan 5 mg (mass balance study). Mean ± standard deviation (SD); *n* = 6

Excretion occurred mainly via feces (73.5 ± 3.70%; range 68.9--79.0%); only 13.1 ± 1.71% (range 11.4--15.9%) of the radioactivity dose administered was recovered in the urine. From 408 h post-dose onwards, only minimal amounts of radioactivity were recovered in excreta (\< 0.1% of the administered radioactivity dose per day), indicating that excretion was almost complete after 17 days. No loss of radioactivity because of vomiting was observed in this study.

Metabolite Profiling in Plasma and Excreta (Mass Balance Study) {#Sec16}
---------------------------------------------------------------

Vilaprisan is almost exclusively eliminated via metabolic processes. The main metabolic pathways are oxidations at the steroid skeleton as well as reductions in the 3-keto moiety as well as combinations of both. The primary reduction product at the 3-keto moiety is the alpha-hydroxy derivative M-4. Further oxidation of M-4 leads to the formation of various combination products of oxidation and reduction, e.g., metabolite M-7. The formation of oxidation products of both VPR and M-4 is mainly catalyzed by CYP3A4, the reduction at the 3-keto-moiety is catalyzed by aldoketoreductases.

In human plasma, only low amounts of radioactivity were determined and individual metabolite patterns were highly complex. Overall, VPR was the predominant component in plasma with a mean of 27.8% of AUC of total radioactivity. The amounts of the most prominent metabolites, M-4 (reduced at the 3-keto moiety of VPR) and M-7 (oxidation product of M-4) were estimated to be 5.2--6.6 and 5.2%, respectively, of total drug-related exposure. In addition, several other hydroxylated and reduced metabolites, i.e., M-1, M-5, M-6, M-9, M-12, M-16, and M-32, were detected in plasma, each at a low extent (example in Fig. [3](#Fig3){ref-type="fig"}). All metabolites identified in plasma are formed either via oxidation reactions or via combinations of oxidation and reduction reactions (Fig. [4](#Fig4){ref-type="fig"}).Fig. 3Representative radio-chromatograms (mass balance study) Fig. 4Proposed main metabolic pathways of vilaprisan in humans. *AKR* aldoketoreductase, *CYP* cytochrome P450, *VPR* vilaprisan

There was a high amount (about 45%) of drug-related \[^14^C\]-radioactivity exposure in plasma, which could not be assigned to single peaks and structures because of the very low amount of radioactivity in human plasma. Numerous metabolic pathways and combinations of them were observed as known from other compounds with a steroid skeleton.

The chemical structure and stereochemistry of metabolites M-4 and M-7 were verified by comparison with authentic reference compounds with a verified structure based on nuclear magnetic resonance spectroscopy. Structure proposals for further metabolites were made based on determination of a molecular formula by high-resolution MS as well as a mass spectrometric fragmentation pattern determined by LC--MS/MS and LC/MS.

Highly complex metabolite patterns were observed in excreta (Fig. [5](#Fig5){ref-type="fig"}a, b). In feces, oxidated metabolites M-1 and M-40 were identified as the main compounds accounting for, on average, 11.2 and 14.1% of the administered dose, respectively. In addition, metabolites M-2, M-5, M-6, M-7, M-12, M-16, and M-32 accounted each for 0.6--7.0% of the dose, on average. The parent drug accounted only for 1.1% of the dose. Overall, despite the complexity in metabolite patterns in the investigated excreta, 50.6% of the administered dose could be attributed to known metabolites and VPR.Fig. 5Metabolites in excreta \[% of dose\] and contributions of metabolic pathways to overall excretion (mean of six subjects). *VPR* vilaprisan

In urine, VPR accounted for an average of 0.1% of the dose in urine. Oxidated metabolite M-1 and metabolites M-12 and M-32, both formed by a combination of reduction at the 3-keto moiety and oxidation at the steroidal core, were found to be the main compounds accounting on average for 1.8, 2.1, and 1.5% of the administered dose, respectively. Despite the complexity in the profiles, 9.4% (out of a total of 13.1%) of the administered dose could be assigned to individual metabolites or VPR. In general, the complexity within the metabolite pattern in each subject remained largely unchanged over time.

Clearance, Volume of Distribution, and Absolute Bioavailability (Drug--Drug Interaction/Microtracer Study) {#Sec17}
----------------------------------------------------------------------------------------------------------

Following administration of the IV microtracer dose, VPR was eliminated from plasma with a mean clearance of \~ 7 L/h (Table [4](#Tab4){ref-type="table"}). The terminal half-life of \~ 40 h was similar to that observed after oral administration of VPR (Fig. [6](#Fig6){ref-type="fig"}), indicating that absorption of the drug was completed during the terminal elimination phase. The large mean volume of distribution at steady state of \~ 360 L indicates pronounced distribution into tissues. The absolute oral bioavailability was approximately 60%.Fig. 6Geometric mean concentrations of vilaprisan (± standard deviations) (VPR) and \[^14^C\]VPR in plasma after single oral and intravenous (i.v.) administration of VPR 4 mg (drug--drug interaction/microtracer study). All 14 subjects received a single oral dose of VPR 4 mg as a tablet and seven of these subjects additionally received a single i.v. dose of \[^14^C\]VPR 15.7 µg (37 KBq) \[30-min infusion, 1 mL/min\] starting 1.5--2 h after administration of the oral dose, i.e., around the time of the expected maximum plasma concentration of the oral dose

Impact of Itraconazole on the Pharmacokinetics of Vilaprisan (Drug--Drug Interaction/Microtracer Study) {#Sec18}
-------------------------------------------------------------------------------------------------------

Geometric mean ITZ trough concentrations above 530 µg/L during the blood sampling period for VPR showed that all subjects were sufficiently exposed to ITZ. When co-administered with ITZ, the concentrations of VPR were substantially higher and elimination was visibly slower than when the drug was administered alone (Fig. [7](#Fig7){ref-type="fig"}). This resulted, on average, in about twofold higher *C*~max~ values and about sixfold higher AUC~0--11d~ (Tables [4](#Tab4){ref-type="table"}, [6](#Tab6){ref-type="table"}; Fig. [8](#Fig8){ref-type="fig"}).Fig. 7Geometric mean concentrations of vilaprisan (VPR) in plasma after single oral administration of VPR 4 mg with and without concomitant administration of itraconazole (ITZ) 200 mg/day (drug--drug interaction/microtracer study). Geometric means ± geometric standard deviations \[calculated if two thirds or more of the individual values were above the lower limit of quantitation (LLOQ), 0.1 µg/L\]; *n* = 14 Table 6Point estimators (least-squares means), two-sided 90% confidence intervals, and 95% prediction intervals for the ratio 'vilaprisan + itraconazole to vilaprisan' (drug--drug interaction study)ParameterUnit*N*Geometric CV (%)Estimated ratio90% confidence interval95% prediction intervalAUC~0--11d~µg·h/L1421.06.235.42--7.163.23--12.0*C* ~max~µg/L1416.81.781.59--1.981.05--3.01*AUC*~*0--t*~ area under the concentration--time curve from time zero to time *t*, *C*~*max*~ maximum plasma concentration, *CV%* coefficient of variation (%) Fig. 8Exposure to vilaprisan after single oral administration of vilaprisan 4 mg with and without concomitant administration of itraconazole (ITZ) 200 mg/day (drug--drug interaction study). Left hand graph: box: 25th--75th percentile. Horizontal line: median. Vertical lines extend from the box as far as the data extend to a maximum distance of 1.5 interquartile ranges; any value more extreme is plotted separately. Right hand graph: time course of individual area under the concentration--time curve from time zero to time *t* (AUC~0--11d~) values; *n* = 14

Figure [9](#Fig9){ref-type="fig"} and the PK parameters for M-4 in Table [7](#Tab7){ref-type="table"} show that co-administration of ITZ increased M-4 plasma concentrations similar to VPR. In particular, the extremely flat course of the terminal M-4 concentration--time curve following administration of VPR + ITZ is remarkable, corresponding to an elimination half-life of about 300 h. The exposure ratio of VPR/M-4 remained unchanged.Fig. 9Concentrations of vilaprisan metabolite M-4 (BAY 1139463) in pooled plasma after single oral administration of vilaprisan 4 mg with and without concomitant administration of itraconazole (ITZ) 200 mg/day (drug--drug interaction study). M-4 concentrations in plasma were below the lower limit of quantitation after 12 h after administration of vilaprisan without concomitant administration of ITZ Table 7Pharmacokinetic parameters of vilaprisan (VPR) metabolite M-4 (BAY 1139463) in pooled plasma samples of 14 subjects after single oral administration of VPR 4 mg with and without concomitant administration of itraconazole (ITZ) 200 mg/day (drug--drug interaction study)ParameterUnitVPRVPR + ITZ$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\text{AUC}}_{{0{-}t_{\text{last}} }} $$\end{document}$µg·h/L18.7409AUC~0--24~µg·h/L29.648.7*C* ~max~µg/L3.025.67*t* ~1/2~h26.4303*t* ~last~h12264*t* ~max~h2.002.00*AUC*~*0--t*~ area under the concentration--time curve from time zero to time *t*, *C*~*max*~ maximum plasma concentration, *t*~*1/2*~ terminal half-life, *t*~*last*~ time of last concentration above lower limit of quantitation, *t*~*max*~ time to reach *C*~max~Note: Pooled samples were used for exploratory quantitation of M-4. The extrapolated fraction of the AUC exceeded 50% for both treatments so that AUCs are not provided here

Safety Results {#Sec19}
--------------

For all six subjects in the MB study, treatment-emergent adverse events (TEAEs) were reported and assessed as being related to the study drug VPR. The most frequently occurring VPR-related TEAEs were headache in three subjects (50.0%) and constipation in two subjects (33.3%). Further VPR-related events, which occurred in one subject each, were flatulence, nausea, and dizziness. These adverse events are in line with the side-effect profile already known for VPR from previous studies.

In the DDI/MT study, the only possibly VPR-related TEAE occurring in more than one subject was headache (three subjects, 21.4%). The frequency and intensity of TEAEs were not found to be increased with the combination VPR + ITZ in comparison to VPR alone. Clinically relevant changes in laboratory values, vital signs, or electrocardiograms were not reported neither of the studies. Overall, single doses of 4 or 5 mg of VPR were well tolerated in both studies and considered as safe.

Discussion {#Sec20}
==========

The main objective of the studies reported was to investigate the elimination and biotransformation pathways of VPR, focusing on the role of CYP3A4 in the metabolic clearance of VPR. The absolute oral bioavailability of VPR was found to be approximately 60%. The dominant single compound in plasma was VPR. No major plasma metabolites exceeding 10% of drug-related AUC were detected. The mean VPR clearance was \~ 7 L/h and the volume of distribution at steady state was \~ 360 L. Excretion occurred primarily via feces (73.5 ± 3.70% of dose; urine: 13.1 ± 1.71%; total recovery: 86.6 ± 2.81%), mostly as metabolites. Only small amounts of the parent drug were found in excreta.

Overall, excretion of administered radioactivity occurred slowly but was almost complete after 17 days. The presence of only marginal amounts of unchanged VPR in feces indicates that VPR was completely absorbed after oral administration. Similarly, the low amounts of unchanged VPR in urine suggest a negligible contribution of renal clearance to total elimination of VPR. Thus, the clearance of VPR is more likely to be affected by hepatic impairment than by renal dysfunction.

In plasma, low amounts of radioactivity and highly complex metabolite patterns were found. Overall, VPR was the predominant single component in plasma, representing about 30% of total drug-related radioactivity exposure, while the sum of a complex mixture of metabolites attributed to about 70%. The most prominent plasma metabolites, M-4 and M-7, were estimated to represent 5--7% of total drug-related exposure each. Hence, no 'major metabolites,' i.e., metabolites representing an exposure of more than 10% of total drug-related AUC \[[@CR10], [@CR11]\], were identified in this study. Nevertheless, both metabolites were further characterized in in-vitro transactivation assays investigating their pharmacological activity on the progesterone receptor. For both M-4 and M-7, a marginal antagonistic activity on the progesterone receptor (\~ 1/100th and 1/100,000th of VPR, respectively) was observed demonstrating that M-4 and M-7 do not contribute to the pharmacological effect of VPR (data on file, Bayer AG).

In-vitro data suggest that clearance of VPR by oxidation or reduction reactions is mediated via CYP3A4 (oxidation) and via aldoketoreductases (reduction) (data on file, Bayer AG). Oxidation reactions occur at various positions of the steroidal core structure, whereas reduction is primarily observed at the 3-keto moiety of the steroid skeleton. Owing to the structural complexity of the steroid core, the exact position of oxidation and stereochemical assignment of the majority of the metabolites is unknown.

Re-conversion of M-4 into the parent compound, a process hampering the accurate determination of the relative contribution of the CYP3A4 and aldoketoreductase enzymes to total clearance, was observed in-vitro as well as in-vivo in animals. Furthermore, a majority of metabolites are formed by a combination of oxidation and reduction reactions, but the sequence of the two steps is not readily discernable. An examination of the pie chart depicting the contributions to metabolic pathways (Fig. [5](#Fig5){ref-type="fig"}c) determined in the MB study shows that oxidation plus the combination of oxidation and reduction contributed \~ 60% to the overall metabolic clearance. Approximately 25% of the radioactivity excreted could not be described by dedicated metabolites. Therefore, a reliable quantitative assessment of the contribution of CYP3A4 to the overall clearance of VPR could not be made. However, CYP3A4 was assumed to contribute predominantly to the biotransformation of VPR and thereby rendering the potential for a strong interaction with CYP3A4 inhibitors.

This assumption was confirmed in the DDI study with the strong CYP3A4 inhibitor ITZ. After co-administration of ITZ 200 mg/day, a sixfold higher exposure to VPR was observed. A similar increase in exposure was also seen for M-4 suggesting that the systemic metabolic clearance of VPR and M-4 is reduced by inhibition of CYP3A4.

The data collected in the DDI study were further analyzed by a physiologically based pharmacokinetic model, which was previously established using single and multiple oral dose clinical PK data and further qualified with IV data from this study. The final model was able to describe all prior clinical studies with the implemented assumptions that (1) the hepatic metabolism is not saturable, (2) metabolism is exclusively via CYP3A4, the pharmacokinetics of VPR can be accurately described without considering the transformation of VPR to M-4, and (3) no active transport is involved. The interaction of VPR with ITZ could be adequately described with this model when coupled with an ITZ physiologically based PK model \[[@CR12]\], thereby supporting the assumption that CYP3A4 plays a pivotal role.

A comparison of the PK properties of VPR with those of other well-characterized SPRMs such as mifepristone and ulipristal acetate reveals some features they have in common and some features that are specific to VPR. All three compounds are eliminated from plasma mainly via metabolism in the liver with subsequent biliary excretion of the metabolites \[[@CR13], [@CR14]\], whereas renal excretion is negligible. More specifically, the pivotal role of CYP3A4 in hepatic metabolism has been demonstrated for all three SPRMs \[[@CR14], [@CR15]\]. As a consequence, all three SPRMs are potentially prone to DDIs with CYP3A4 inhibitors as recently shown, for example, for ulipristal acetate, where a strong interaction with ketoconazole was observed (5.8-fold increase in exposure) \[[@CR14]\], similar to the interaction of VPR with ITZ. However, the metabolites formed differ markedly between VPR on the one hand and mifepristone and ulipristal acetate on the other hand. For mifepristone and ulipristal acetate, oxidative *N*-demethylation of the para dimethylamino group (Fig. [10](#Fig10){ref-type="fig"}) is the primary metabolic reaction resulting in high exposure concentrations of the respective mono- and di-*N*-desmethyl metabolites in plasma with significantly more than 10% of drug-related exposure \[[@CR16], [@CR17]\].Fig. 10Structure of vilaprisan in comparison to mifepristone and ulipristal acetate

The introduction of a 4-(methylsulfonyl) group instead of the dimethylamino group in VPR, in contrast, leads to a metabolically stable moiety at this position. The position of biotransformation is shifted to the steroid skeleton with formation of various metabolites by oxidation reactions as well as reductions of the 3-keto group. This results in a complex metabolite pattern in plasma and excreta with rather low drug exposures of less than 10% to single metabolites in plasma.

Furthermore, the mono-*N*-demethylated metabolites of mifepristone and ulipristal acetate still exhibit relevant antiprogestogenic activity in-vitro similar to that of the parent compound and thus likely contribute to the overall clinical efficacy \[[@CR18]\]. In contrast, the two (low-level) main metabolites of VPR in plasma elicit only marginal pharmacological activity at the progesterone receptor, not contributing to clinical efficacy. The absence of active metabolites for VPR facilitates the evaluation of a safety and exposure--response relationship, as besides the parent compound no other active components have to be considered.

Based on the major role of CYP3A4 seen in the present DDI study, a clinically relevant interaction of VPR with strong CYP3A4 inducers is also likely. Therefore, the concomitant use of strong CYP3A4 inducers is also not recommended owing to a potential loss of efficacy. A DDI study with a strong CYP3A4 inducer has been recently initiated to investigate the interaction potential with inducers.

Following IV administration of the microtracer dose, VPR showed a rapid and extensive distribution into tissues as indicated by a high volume of distribution at steady state of approximately 360 L, which is typical of highly lipophilic compounds such as VPR. Vilaprisan shows a good oral absolute bioavailability of about 60%, suggesting that the impact of ITZ on VPR clearance can be predominantly attributed to inhibition of CYP3A4 in the liver, which is also in line with the observed prolonged systemic elimination in the presence of ITZ.

The excellent safety profile of VPR has been proven in several phase I studies with oral doses of ≤ 30 mg of VPR given daily for 28 days. Furthermore, VPR was well tolerated and safe in a phase II dose-finding study with daily administration of up to 4 mg of VPR over 3 months in patients with uterine fibroids \[[@CR4]\]. The anticipated exposure to VPR after multiple administrations of the therapeutic dose together with multiple administrations of strong CYP3A4 inhibitors is well within the range already tested in humans. The respective anticipated exposure to M-4 was investigated in pivotal long-term systemic tolerance studies in animals. Thus, the available preclinical and clinical data suggest no safety concern with VPR even in the presence of strong CYP3A4 inhibitors.

Nevertheless, strong CYP3A4 inhibitors are not recommended to be used together with VPR and will be excluded in the further clinical development program, whereas mild and moderate CYP3A4 inhibitors will be acceptable, allowing the collection of further clinical PK and safety data for these co-medications. Furthermore, it is worth mentioning that, despite higher exposure to VPR when ITZ was used concomitantly, the frequency and intensity of TEAEs were not found to be increased with the combination of VPR and ITZ in comparison to VPR alone.

Conclusion {#Sec21}
==========

A comprehensive characterization of the clinical PK properties of VPR has been achieved. Following almost complete oral absorption, VPR is predominantly metabolized in the liver to a complex variety of metabolites, which are mainly excreted with feces. The pivotal role of CYP3A4 in the metabolism of VPR has been confirmed.
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Clinical pharmacokinetic profiling of VPR has been completed with a second DDI study using a strong CYP3A4 inducer, the results of which are reported separately. The key results of the above MB study and the DDI study were presented at the Congress of the Society for Reproductive Investigation, 2016 (poster no. 117) and at the Marbach DDI Workshop, 2017, respectively.
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